The purpose of the study was to create computer-aided design models of the paranasal sinuses (frontal, maxillary, and sphenoid) (Folia Morphol 2016; 75, 3: 326-333) 
INTRODUCTION
Creating 3-dimensional (3D) anatomical reconstructions from the spatial arrangement of the consecutive cross-sectional images dates back to the late 70s [24] . Since then, technology has evolved continuously [36] . However, the impact of these techniques on real life remains limited, because generating 3D models is quite intricate. Three-dimensional imaging process needs identifying regions on each cross-sectional image that delineates the anatomical objects. Otherwise we could not bring to light their surfaces or take off objects concealing the others behind [42] .
The computer technology, enabling the visualisation of serial sectional images on a display, made revolutionary impact on the 3D reconstruction techniques. The computer-aided 3D reconstruction techniques rapidly spread in biomedical researches, parallel to the rapid advances of computer performance.
Computer-aided 3D models provide a valuable tool for examining complicated structural relationships and morphological processes in biomedical studies, medical diagnosis and treatment [48] . Morphometric and volumetric characteristics of the parts of the human body are of great importance in the designing and manufacturing of their anatomical models and also in the interpretation and presentation of experimental results [16] . These models enable students, researchers and surgeons to better understand complex structures and facilitate diagnosis and treatment.
Endoscopic surgery of the paranasal sinuses [2, 18, 37] is regarded as a contemporary and successful approach that plays an important role in ear, nose and throat treatment. Traditionally, preoperative planning is based on imaging modalities such as X-ray, computed tomography (CD) and magnetic resonance imaging (MRI), as well as flexible or rigid endoscopy [3] . The surgeons build 3D structures mentally in their head by benefiting 2D images prior to the surgical intervention. They will not be able to foresee trouble during surgery and take measures where necessary prior to surgery. Recently, virtual endoscopy (VE) has drawn the otolaryngologists' much attention in terms of the paranasal sinuses [6, 7, 47] . VE uses very sophisticated technologies such as computer and graphic systems [35] . Actually, this imaging modality was applied on different parts of the human body such as the urinary tract [26] , the oesophagus [12] , the colon [11, 39] , and tracheobronchial system [20, 34, 49] . We have created patient-specific 3D models of the paranasal sinuses to be used by both radiologist and otolaryngologist for VE with using virtual reality modelling language (VRML) technique. They can evaluate these structures in terms of diagnosis, treatment, and surgery. Also, they can better conceive of the complicated structures and can take measures against adverse conditions.
The purpose of the study was to create computeraided design models of the paranasal sinuses (frontal, maxillary, and sphenoid) and to perform VE to them by using VRML technique.
MATERIALS AND METHODS

Data source
In the study, the visible human male dataset was used. This dataset has three distinct components: CT, MRI and anatomical cryosections [1, 46] . High resolution colour anatomical cryosections were preferred because these images have higher quality than the others. This dataset provides a standard for the acquisition and use of data [23] .
Cryosectional image features of the visible human male dataset
Frozen corpse was cut away from head to toe in 1 mm thickness and colour cryosectional images were taken. 24-bit colour cryosectional images had a resolution of 2048 × 1216 pixels [46] .
Three-dimensional computer aided design models of the paranasal sinuses
The key point of our work is to identify the spatial size of the paranasal sinuses and to create their surface models (computer-aided design models). These models are suitable for various purposes such as VE, pre-operative simulation, real time rendering and post-operative analysis [8, 43] .
The process of creating computer-aided design models of the paranasal sinuses could be divided into three steps that cover registration, segmentation and surface reconstruction. Registration was to bring the consecutive sections to the position in space according to coordinates XYZ. Segmentation was the process of recognising and drawing boundaries of the paranasal sinuses within an image. It requires expert knowledge of anatomy. It was an indispensable step in most of the processes that were applied to medical imaging [52] . Reconstruction was to bring together parts of the paranasal sinuses labelled on consecutive sections. These processes gave computer-aided design models of the paranasal sinuses (Fig. 1 ). These steps were performed by Surfdriver and 3D-Doctor software.
Development of the photorealistic models of the paranasal sinuses
The computer-aided design models were transferred into Cinema 4D so as to be used by the advanced render module. The module enabled us to create the photorealistic models of the paranasal sinuses which were spectacularly realistic (Fig. 2 ). This step was performed by Cinema 4D software.
Development of VRML forms of the paranasal sinuses for virtual endoscopy
The computer-aided design models of the paranasal sinuses could be converted into VRML format for VE (Figs. 3-5). This step was performed by Cinema 4D software. These models could be seen in Cortona 3D Viewer.
Morphometric, surface and volumetric calculations of the paranasal sinuses
In order to make measurements on the models and calculate surface areas and volumes of the 3D models, the tools of the Surfdriver and 3D Doctor software packages were used. The automated volume calculation of each sinus was performed as follows: the volume of the each section was calculated by multiplying the area of interest on each section by the section thickness. Then the volumes of the paranasal sinuses were obtained by summing all volumes on each section via tools of Surfdriver and 3D Doctor software packages. In addition, the estimated volume calculation of each sinus was performed using the following equation: (maximum craniocaudal distance × maximum anteroposterior distance × maximum transverse distance × 0.5).
RESULTS
Using the methods described above, we built the models of the paranasal sinuses (frontal, maxillary, and sphenoid) within the head of the male visible human.
Morphometric, surface and volumetric results
The automated and estimated volumes of each sinus are given in Tables 1 and 2 . The surface area of each sinus is given in Table 3 . The morphometric measurements of each sinus are given in Table 4 . The volumes of the maxillary sinuses were 24747.89 mm 3 on the right and 29008.78 mm 3 on the left of the cadaver. As for sphenoidal sinuses, an enormous variation was seen between the right and left cavities. The sphenoidal sinuses were 1995.90 mm 3 
Methodological results
Our methodological outcomes proved that Surfdriver and Cinema 4D pair could be reliably used for 3D reconstructions, photorealistic imaging and creating 3D virtual environments from the serial sections of the anatomical structures in anatomical cryosections. The technique was capable of revealing anatomical structures' configuration, spatial position and neighbourhood relationships three dimensionally and interactively. It provided an efficient tool to make morphological measurement, volumetric analysis and VE. This technique could shed light on the development of new surgical techniques while providing multifaceted approach to complex structures.
Educational results
VE training enabled students, researchers, and inexperienced surgeons to gain proficiency in anatomy of the paranasal sinuses and in technical and conceptual aspects of VE of the paranasal sinuses.
DISCUSSION
Mysterious structure and function of the paranasal sinuses has attracted the attention of many researchers [7, 21, 47] . Unfortunately, the anatomy and physiology of the paranasal sinuses are still not fully understood. It has not been gone beyond the structure revealed by conventional imaging methods. Otolaryngologists have tried to discover ideal approach to surgery of the paranasal sinuses throughout their career in order to provide a better perspective and to relieve the symptoms of the patient [3] .
Paranasal sinus CT scans are considered as a gold standard for the evaluation of the paranasal sinuses [15, 51] . With the advent of helical CT in the late 1980s, more detailed images were obtained in a short time [55] . Also, the coronal and sagittal images of the same quality could be created from the images obtained axially. The coronal images gave more anatomical information to otolaryngologists in terms of the direction in which the intervention was carried out. It helped to look through a window so as to provide a better understanding [3] . The use of MRI has provided a better view of the soft tissue while reducing artefacts [33] . MRI has become an important imaging modality in the evolution of malignant diseases and complications of inflammatory diseases of the paranasal sinuses [15] .
Real endoscopy is invasive and uncomfortable for the patients. It can cause serious side effects such as infection, bleeding, and perforation [7] . In minimally invasive surgery, surgeons place various instruments into surgical region. Visual feedback of the instruments is limited to the image taken by an eyepiece of the endoscope. Most endoscopes provide only monocular image [54] .
In this study, VE is a cutting edge technology which allows showing not only the inner surface of the paranasal cavities and but also the presence of the transmural lesions of the paranasal sinuses (Figs. 2-5 ). It is an utterly non-invasive and safe method in which we could examine paranasal sinuses by using high-quality images. Furthermore, It allowed access to places inaccessible to conventional endoscopy [9, 22] . The surgical procedure can be repeated ad libitum on this method. Therefore it can be used as an educational tool [13] , as well as in diagnosis [17] and preoperative planning [50] . VE could be applicable in the long-term follow-up of patients with paranasal sinuses disease [26] . Nevertheless images were not completely free from artefacts and distortions. It required specialist knowledge and experience to distinguish. This technique provided the surgeon with adequate preoperative imaging, which facilitated the surgical procedures [9] .
In our technique, we revealed the exact spatial location of the paranasal sinuses. We determined the easiest and surest way to reach them with coordinates. We offered the opportunity to detect abnormal and pathological structures in this region. If necessary, we analysed internal surfaces of the paranasal sinuses and presence of transmural lesions by taking them out from the body (Fig. 6) . We created higher resolution and more detailed images than previous studies [40, 54] .
The cryosectional images, which had higher spatial resolution than the images obtained from routinely used paranasal CT scans or MRI scans, were preferred. These images allowed distinguishing fine details. The paranasal cavities were filled with methylene blue in the stage of cadaver preparation. This situation created a higher contrast resolution. This made it easier to be able to discriminate different densities. A special module was applied on the models to be able to acquire photorealistic images in cinema 4D software.
We used manual segmentation [27] [28] [29] to create 3D models of the paranasal sinuses in this study. The segmentation is gaining more importance every day. It is the most critical step in creating 3D model. It delivers more accurate results by identifying the exact boundary of each structure on the medical image. Manual segmentation is time-consuming and laborious, therefore, may not be appropriate for large data. However, manual segmentation still remains the gold standard. It is used either to collect information on normal anatomical structures in healthy individuals or to detect changes in sick individuals. There should be at least two separate tracers to avoid personal mistakes. Manual segmentation is used as a reference for evaluating the reliability and validity of the automatic segmentation. Automatic segmentation [14, 56] is faster than manual segmentation and can be applied on large data. There are advocate [4] and critic [10] of the automatic segmentation in terms of normalisation procedures and susceptibility to minor changes [53] .
There were many computer-based visualisation techniques for displaying the complex anatomical structures and collecting the quantitative data in medicine. However, most of them worked on only a local computer. This situation prevented the use of software on a different computer. In our technique, it was possible for users to apply all features of software and to perform VE wherever the internet is available [38] .
In the evaluation of the paranasal sinuses, the measurement of the volumes of the cavities in the paranasal sinuses is the most important index, but it is not so easy to do. The dimensions of the paranasal sinuses show great differences between individuals. The size of the paranasal sinuses were calculated in different ways. Some researchers calculated them by directly giving various substances [31] ; others calculated them by using different imaging modalities such as CT [44] and MRI [5] . Theoretically first technique provided accurate information about the size of the paranasal sinuses, but it could not be implemented in a living organism. Moreover, giving substance into the paranasal cavities was technically arduous task because of the anatomical complexity of the paranasal sinuses.
The results of the maxillary sinus volumes in this study were consistent with those in the previous studies [19, 25, 31, 32, 41, 44, 45] . The mean values of the maxillary sinus volumes have been reported to range from 18.0 ± 6.0 cm 3 to 23.6 ± 6.4 cm 3 in previous studies [19, 25, 31, 32, 41, 44, 45] . The results of the frontal sinus volumes in this study were larger than those of previous studies [19, 30, 31, 41, 45] . The mean values of the frontal sinus volumes have been reported to range from 4.0 cm 3 to 11.6 ± 4.2 cm 3 in previous studies [19, 30, 31, 41, 45] . The result of the sphenoid sinus volume on the left side of this study was consistent with those in the previous studies [30, 45] . But, it was less developed on the right side. The mean values of the total volume of the sphenoid sinuses on both sides has been reported to range from 8.5 ± 4.2 cm 3 to 13.3 ± ± 4.4 cm 3 in previous studies [19, 30, 41] . The total volume of the sphenoid sinuses on both sides was consistent with those in the previous studies [19, 30, 41] , but smaller than the study of Kawarai et al. [31] .
CONCLUSIONS
Although they mainly measured the volumes of the paranasal sinuses in the previous studies, this study dealt with surface areas and volumetric calculations of the paranasal sinuses. The automated volume measured with volumetric measuring tools of the software is consistent with its estimated volume calculated with formula using maximum dimensions of the paranasal sinuses, suggesting that the volumetric measuring tools of the software are a sufficiently reliable technique for volume calculations.
This technique allows students, researchers, and surgeons to perform noninvasive visualisation, simulation, and precise quantitative measurements of internal structures of the body. It was developed as a complementary tool for endoscopic surgery. It could be especially preferable for the patients who could not tolerate flexible or rigid endoscopy. We have Figure 6 . Evaluation of the transmural lesions of the paranasal sinuses (frontal, maxillary, and sphenoid sinuses) by taking them out from body photorealistically.
paved the way for developing innovative diagnostic and therapeutic modalities to ensure patient comfort and safety at all times.
